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Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8×°C)+32
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929.
Altitude, as used in this report, refers to distance above or below NGVD 29.
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Abstract
Factors affecting reservoir firm yield, as determined by application of the Massachusetts Department of Environ mental Protection's Firm Yield Estimator (FYE) model, were evaluated, modified, and tested on 46 streamflow-dominated reservoirs representing 15 Massachusetts drinking-water supplies. The model uses a mass-balance approach to deter mine the maximum average daily withdrawal rate that can be sustained during a period of record that includes the 1960s drought-of-record.
The FYE methodology to estimate streamflow to the reservoir at an ungaged site was tested by simulating streamflow at two streamflow-gaging stations in Massachusetts and comparing the simulated streamflow to the observed streamflow. In general, the FYE-simulated flows agreed well with observed flows. There were substantial deviations from the measured values for extreme high and low flows. A sensitivity analysis determined that the model's streamflow estimates are most sensitive to input values for average annual precipitation, reservoir drainage area, and the soil-retention number-a term that describes the amount of precipitation retained by the soil in the basin.
The FYE model currently provides the option of using a 1,000-year synthetic record constructed by randomly sampling 2-year blocks of concurrent streamflow and precipitation records 500 times; however, the synthetic record has the poten tial to generate records of precipitation and streamflow that do not reflect the worst historical drought in Massachusetts. For reservoirs that do not have periods of drawdown greater than 2 years, the bootstrap does not offer any additional information about the firm yield of a reservoir than the historical record does. For some reservoirs, the use of a synthetic record to determine firm yield resulted in as much as a 30-percent dif ference between firm-yield values from one simulation to the next. Furthermore, the assumption that the synthetic traces of streamflow are statistically equivalent to the historical record is not valid.
For multiple-reservoir systems, the firm-yield estimate was dependent on the reservoir system's configuration. The firm yield of a system is sensitive to how the water is trans ferred from one reservoir to another, the capacity of the con nection between the reservoirs, and how seasonal variations in demand are represented in the FYE model.
Firm yields for 25 (14 single-reservoir systems and 11 multiple-reservoir systems) reservoir systems were determined by using the historical records of streamflow and precipita tion. Current water-use data indicate that, on average, 20 of the 25 reservoir systems in the study were operating below their estimated firm yield; during months with peak demands, with drawals exceeded the firm yield for 8 reservoir systems.
Introduction
Growing demands on Massachusetts drinking-water supplies have increased the likelihood that withdrawals could deplete available storage capacity and result in supply shortfalls. Although a supplier may be meeting the current demands on the supply system, a severe drought, such as the one that occurred in the 1960s, may not allow the delivery of the reservoir's current yield. Therefore, water suppliers, planners, and regulators must evaluate the reservoir's behavior under drought conditions. A common way to evaluate reser voir behavior is by calculating a firm yield for the reservoir, defined as the maximum yield that can be delivered by the reservoir, even through a severe drought. Ideally, the firm yield would be determined from a period of record that included the worst drought likely to affect the reservoir.
Firm-yield estimates typically are not based on streamflow and precipitation data that include the drought-of-record because these data are unavailable for most drinking-water supply reservoirs. Furthermore, even at monitored locations where streamflow and precipitation data are available, the length of the record often does not include the drought-of record. Because of these limitations, Massachusetts drinking
The Massachusetts Firm-Yield-Estimator Guidance Document and Model
The MassDEP (1996) guidance document outlines a procedure to estimate the firm yield of a single reservoir or a system of reservoirs. The firm yield is estimated by constructing a monthly water balance for the reservoir and applying techniques developed by Fennessey (1994) and Fennessey and Vogel (1996) to estimate streamflow to and evaporation from a reservoir where direct measurements are not available.
The MassDEP (1996) guidance document defines the firm yield of a single reservoir as the maximum yield that results in the complete depletion of the reservoir's usable storage for no more than one month of a period of record. According to the procedure outlined in the MassDEP (1996) guidance document, a firm yield is first estimated from the historical records of streamflow and precipitation as well as from additional inputs and outputs of water to the reservoir ( fig. 1 ). If a reservoir is connected in a system of reservoirs, these reservoirs receive water from or give water to another reservoir and, therefore, have an additional source or sink of water that must be accounted for in the reservoir's water balance.
The MassDEP (1996) guidance document requires that this preliminary estimate of the firm yield be calculated by using streamflow determined by the area-ratio technique and the water-balance equation ( , ) si i j ( ) ( where i = year (1 through N years of record), j = month (1 through 12), S(i,j) = water in usable storage at the end of the current month, in million gallons, Q si (i,j) = streamflow to the reservoir, in million gallons per month, α(j) = monthly peak use factor, dimensionless, n(j) = number of days in the month, Q y = yield, in million gallons per day, Q r (j) = required release, in million gallons per month, Q so (i, j) = uncontrolled releases, in million gallons per month, and S(i, j-1) = amount of water in usable storage at the end of the previous month, in million gallons.
Introduction
After the estimate of the firm yield is determined from the historical record, the usable storage for each month is plotted versus time ( fig. 2 ). The number of years the reservoir did not refill is counted and divided by the total number of years in the historical record. If the reservoir does not refill within a year for 15 percent or more of the years, the firm yield is estimated from a 1,000-year synthetic record of streamflow and precipitation. The firm yield is then computed by using the water-balance equation described below (equation 2), which is similar to the water-balance equation for the historical record (equation 1) but includes direct precipitation to and evaporation from the reservoir's surface and streamflow (MassDEP, 1996) : Figure 1 . Possible sources and losses of water to a drinking-water reservoir.
1 9 5 0 1 9 5 2 1 9 5 4 1 9 5 6 1 9 5 8 1 9 6 0 1 9 6 2 1 9 6 4 1 9 6 6 1 9 6 8 1 9 7 0 1 9 7 2 1 9 7 4 1 9 7 6 1 9 7 8 1 9 8 0 1 9 8 2 1 9 8 4 1 9 8 6 1 9 8 8 1 9 9 0 1 9 9 2 Firm Yield and the Estimation of Firm Yield for Streamflow-Dominated Drinking-Water-Supply Reservoirs where i = year (1 through N years of record), j = month (1 through 12), S(i,j) = water in usable storage at the end of the current month, in million gallons, A r (j) = area of the reservoir surface, in miles squared, 1 P(j) = precipitation, in miles, 1 A w (j) = contributing drainage area, in miles squared, 1 Q si (i,j) = streamflow per square mile of drainage area to the reservoir, in miles, 1 α(j) = monthly peak use factor, dimensionless, n(j) = number of days in the month, Q y = yield, in million gallons per day, Q r (j) = required release, in million gallons per month, Q so (i, j) = uncontrolled release, in million gallons per month, Q ow (j) = withdrawals from the reservoir by other users, in million gallons per month, E(j) = evaporation from the reservoir, in miles, 1 and S(i, j-1) = amount of water in usable storage at the end of the previous month, in million gallons.
1 Precipitation, evaporation, and streamflow are in units of length and, when multiplied by area, become volume terms that are converted to million gallons.
The same sequence of calculations is followed for the water-balance equation for the historical record, but in this case, the sequence of calculations is applied to a 1,000-year synthetic record, which is generated by randomly sampling-500 times-the historical record for 2-year blocks of concurrent streamflow and precipitation. Changes in Bearhole Reservoir's usable storage that resulted from withdrawing the yield that allowed for no more than one monthly reservoir failure during the historical period of record, West Springfield Water Department, West Springfield, Massachusetts.
Purpose and Scope
This report examines the factors affecting the MassDEP Drinking Water Program's FYE procedure to determine firm yield, and provides data and criteria for selecting input data sets and compiling other data needed to operate the model successfully. Criteria for determining the applicability of the model were evaluated on the basis of the dominant source of water to the reservoir system (ground or surface water). The report describes these criteria, which were used to select 15 Massachusetts drinking-water-supply systems consist ing of single or multiple surface-water reservoirs for detailed investigation. Input data sets were compiled for each of these systems from March 2003 through May 2004. The report also describes the model sensitivities to variations in selected input values, including surface-water-inflow estimates to reservoir systems and modifications to the MassDEP (1996) procedure that resulted from the application of the FYE model to drink ing-water reservoirs in Massachusetts. An evaluation of the data needed for the calculation of firm yield and the firm yield of the study reservoir systems are presented in an appendix to the report.
Factors Affecting Firm Yield
The maximum allowable rate of water withdrawal from a drinking-water-supply reservoir depends on several fac tors, including reservoir storage, local climatic patterns, the efficiency with which the drainage basin conveys water to the reservoir, and the construction of the record used to calculate the firm yield. If a drinking-water-supply system contains multiple reservoirs, the reservoir-system configuration also affects the firm-yield value. For this analysis, 46 reservoirs and reservoir systems belonging to 15 public water suppliers in Massachusetts were chosen to represent a range of configura tions and drainage-basin characteristics (table 1; fig. 3 ).
Criteria for Determining Model Applicability
The FYE model, as currently configured, is applicable only to reservoirs that receive most inflows from surface-water sources and have no outflows other than to surface water. Consequently, the first consideration was to develop selection criteria to ensure that the study reservoirs met these require ments. Data on surface area, drainage area, the distribution of sand and gravel in the drainage basin, and the percentage of the reservoir perimeter that is in contact with sand and gravel were compiled for 70 candidate study reservoirs (table 2) . It was anticipated that a high percentage of sand and gravel in the drainage basin, a high percentage of sand and gravel along the reservoir perimeter, and a high ratio of reservoir surface area to drainage area would indicate the potential for significant ground-water inflow. There were no demonstrable Factors Affecting Firm Yield patterns or trends in the data that could be used to assess the potential for ground-water inflows unambiguously; therefore, an arbitrary set of criteria was applied to the selection of the study reservoirs. In general, the following three criteria were used:
1. The reservoir drainage area was at least four times greater than the reservoir surface area;
2. Sand and gravel occupied no more than 10 percent of the drainage area, exclusive of the reservoir area; and 3. Less than 5 percent of the perimeter of the reservoir was in contact with sand and gravel.
Reservoir-Specific Properties
Properties specific to reservoirs that influence model estimates of firm yield include the shape and volume of the impoundment, the relation between that volume and the reservoir surface area, the locations of intakes and spillways, the rates of withdrawals by water suppliers and other users, unintentional releases, and intentional releases that may be required to augment downstream flows. Reservoir size and shape, as well as geographical location, also influence the amount of precipitation and evaporation.
Bathymetry and Stage-Storage Relations
Bathymetric data were unavailable at the outset for most of the 46 reservoirs included in the study. These data are essential for determining available storage capacity and the change in reservoir surface area as storage is depleted. Consequently, bathymetric surveys were done on 37 reservoirs during spring 2002, when the reservoirs were full or nearly full. Bathymetric data consisted of positions, determined to within about 3 ft with a global positioning system (GPS), and depths, determined to within about 1 ft with an echo sounder. Positions and depths were recorded simultaneously on a data logger while the boat traversed the reservoir at a rate that produced an average of 60 measurements per acre of reservoir surface. The GPS data were differentially corrected and then imported as point coverages into a geographic information system (GIS). It was not possible to collect continuous depth measurements for Emerson Brook Reservoir, Danvers Water Department, because the reservoir was too shallow for the echo sounder to record depths. Therefore, discrete, spatially referenced water-depth measurements were collected for Emerson Brook Reservoir.
Whenever possible, the spillway elevation of the reservoir supplied by the public water supplier was used as a reference location, if a reservoir's water level was below the spillway on the day of the survey. If the spillway elevation was not known, it was estimated from 1:25,000 USGS topographic maps. Outlines of the reservoirs were obtained by using 1:25,000
Firm Yield and the Estimation of Firm Yield for Streamflow-Dominated Drinking-Water-Supply Reservoirs Hutchinson (1989) . The usable storage and other characteristics determined for the res ervoirs investigated during this study are summarized in table 3; bathymetric maps, with the exception of Emerson Brook Reservoir, and curves relating reservoir storage to reservoir surface area for each of the study reservoirs are included in the appendix.
Required Releases
The FYE model has the capability to account for monthly required releases of water from the reservoir to supplement flow in the stream reach below the reservoir; however, at the time of publication, none of the study reservoirs required releases for this purpose. Therefore, calculated firm yields presented in the report do not take into account the amount of water released to the downstream reach.
Although none of the reservoirs in the study area had release requirements, the inclusion of required releases in the reservoir water balance could result in more than one reservoir failure, even if no withdrawals for public supply are specified.
Therefore, a firm yield may not exist for some reservoirs if the release rate exceeds the reservoir's firm yield.
Peak-Usage Factors
The MassDEP (1996) guidance document uses an iterative procedure to determine the maximum rate of withdrawal that can be sustained during drought conditions. The firm yield may deplete all available storage for, at most, one month of the simulation but still satisfy the stated yield. For a given reservoir system, the withdrawal rate used at each iteration is adjusted by factors derived from user-specified withdrawal information to account for seasonal variations in water use. In this study, a set of monthly peak-usage factors was developed for each reservoir by averaging the monthly peak-usage factors determined from monthly withdrawals for the period 1997 through 2001. The monthly peak-usage factor was determined by dividing the monthly withdrawals by the average withdrawals for the year. This resulted in a monthly peak-usage factor for each month of the year for the period 1997 through 2001, from which the average monthly peak-usage factor was determined. The firm yield is sensitive to changes in the demand patterns. For example, when demand patterns are in phase with seasonal streamflow fluctuations (peak demands occur during seasons with peak flows), the firm yield will be higher than when demand patterns are out of phase with seasonal streamflow fluctuations (peak demands occur when flows are at a minimum). In a few cases, withdrawal rates had recently o 00' .07
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.00 changed because treatment plants had been added or upgraded. Therefore, the peak-usage factors were determined on the basis of the most recent withdrawal data, which represented the expected activity in the near future.
Precipitation and Evaporation
Records of total precipitation, snowfall (liquid equiva lent), and air temperature, formatted for use in the FYE model, were obtained from the MassDEP (2000) FYE Model v. 1.0 and used in the firm-yield estimations. The FYE model uses climate data for 42 meteorological stations in Massachusetts and adjacent states; these data originally were obtained from the National Climatic Data Center of the National Oceanic and Atmospheric Administration. Reporting periods range in length from 34 to 73 years and all begin no later than 1959 so as to include the 1960s drought-of-record. Locations of the stations relative to drainage basins for the study reservoirs are shown in figure 4. Firm-yield estimates for the study reservoirs were always made on the basis of records from the nearest meteorological station; therefore, only approximately half of the climate stations shown in figure 4 were used to compute firm yields for the study reservoirs.
Evaporation from reservoir surfaces was simulated by the FYE model by using mean monthly air-temperature data available as part of the meteorological records with the loca tion (latitude and longitude) and elevation of the reservoir, as outlined in the method by Fennessey and Vogel (1996) . Fennessey (1995) showed that firm-yield estimates computed with fixed mean monthly values for reservoir evaporation rates were essentially the same as the estimates computed with an evaporation time series of higher frequency. 
Estimation of Surface-Water Inflows
Surface-water inflows are the most important sources of water for the reservoirs examined in this study. Continuous esti mates of inflows during the period of record that includes the 1960s drought-of-record are needed as input to the FYE model. With the exception of a few large drinking-water-supply systems in Massachusetts, however, these data are seldom available. Therefore, the FYE model includes a method for calculating surface-water inflow to a reservoir by using continuous daily data from a streamflow-gaging station and assuming that the probability of a flow on a given day at the gaged site is equivalent to the probability of flow at the ungaged site. The method was developed by Fennessey (1994) and is referred to as the QPPQ method. The term QPPQ is derived from the method used to determine streamflow at an ungaged site. First, the record of streamflow at the gaged site (Q) is used to construct a flow-duration curve, which represents the probability of exceedence (P) for each unique streamflow value in the record. Then the assumption is made that the probability of exceeding a flow at the gaged site is equiva lent to the probability of exceeding a flow at the ungaged site (P). Lastly, the equivalent exceedence probabilities and basin characteristics from the ungaged site are used to estimate streamflow (Q). Because this method has not been extensively tested or widely applied, several experiments were performed to investigate the accuracy and reproducibility of the method.
QPPQ method
The QPPQ method uses an existing streamflow record from a monitored (gaged) site with an appropriate time period to develop a flow-duration curve (FDC), which provides exceedence probabilities, P q , for the range of daily flows in the record. The flow probability, P q , for any given day is determined and is considered equivalent to the flow probability estimated for an ungaged site (fig. 5). Equation 3 combines P q with three regional parameters ξ, α, and κ to give the flow value q p at the ungaged site (MassDEP, 1996) :
k
The three FDC parameters are simple exponential functions of climate, soil, and basin characteristics determined from a multivariate regression of 166 streamflow-gaging stations in the northeast and mid-Atlantic U.S. (Fennessey, 1994) : 
where ln( ) = natural logarithm of the argument within the parentheses, exp[ ] = base e exponent (inverse logarithm) of the argument within the bracket, AREA = total area supplying water to the reservoir (including the surface area of the reservoir), in square miles, SOIL = maximum amount of precipitation retained by soil in the drainage basin, in inches, PREC = average annual rainfall, in inches, SNOW = average annual snowfall, in inches, B-ELEV = average elevation of the drainage basin, in feet above mean sea level, and C-SLOPE = mean channel slope, in feet per mile.
Flow duration is assumed to be the same as at gaged site TIME PERCENTAGE OF TIME FLOW EXCEEDED
Figure .
Description of the QPPQ method, which estimates daily streamflow at an ungaged location by equating the exceedence probability of a given flow at the gaged location with the exceedence probability at the ungaged location (from Fennessey, 1994) .
In this study, AREA was determined by use of the USGS StreamStats v. 2.0 program (Ries and others, 2000) . This program provides streamflow statistics and basin character istics for most streams in Massachusetts by using a GIS data layer consisting of drainage-basin boundaries for about 2,300 locations on Massachusetts streams, together with a digital elevation model (DEM) based on the elevations shown on 1:125,000-scale USGS topographic quadrangle maps. The USGS StreamStats program (Ries and others, 2000) was used to delineate the drainage basin, inclusive of the reservoir. The contributing drainage area to the reservoir (AREA) was determined by subtracting the surface area of the reservoir, determined at the same scale, from the total area of the drain age basin.
Values for SOIL were estimated by methods described in the Natural Resources Conservation Service's (NRCS) Techni cal Release 55 (TR-55) manual (Natural Resources Conserva tion Service, 1986) . The digital drainage-basin boundaries for the study reservoirs were intersected with digital soil maps and digital land-use data layers (Office of Geographic and Environmental Information (MassGIS, 2005a) . The resulting coverage was used to determine the percentage of each soil and land-cover type within the drainage basin of the reser voir. When digital soils maps were not available, appropri ate sections of NRCS county soils maps were digitized and converted to data layers. Each combination of soil group and land cover was assigned a NRCS runoff-curve number, which indicates the expected runoff for a given amount of rainfall. A composite runoff-curve number (CN) was then calculated by multiplying the fraction of the basin corresponding to a given runoff-curve number by that number and adding the weighted runoff-curve numbers. Finally, SOIL, in inches, was estimated from the CN by the use of the following equation (Natural Resources Conservation Service, 1986):
Precipitation and snowfall data for 25 meteorological stations in Massachusetts were obtained from the National Climatic Data Center (NCDC) of the National Oceanic and Atmospheric Administration (NOAA). Data from the closest station to the drainage-basin boundary for the reservoir were used to compute PREC and SNOW. Values for C-SLOPE and B-ELEV were determined by using a DEM based on eleva tions shown on 1:25,000-scale USGS topographic quadrangle maps. B-ELEV was estimated by the use of a DEM in con junction with the drainage-basin boundaries already obtained from StreamStats for the reservoirs. C-SLOPE was estimated for each tributary stream supplying a reservoir by measuring the length of the stream on USGS topographic maps and divid ing that length by the change in elevation (table 4) .
Model Sensitivity to Flow-Duration-Curve Characteristics
The relative importance of the six climate, soil, and basin characteristics (AREA, SOIL, PREC, SNOW, B-ELEV, and C-SLOPE) used to calculate α, κ, and ξ was examined by systematically increasing and decreasing the value for each of these characteristics individually over the range of -90 percent to +100 percent of the initial value. The QPPQ method was then used to calculate the resultant change in streamflow, for 90-, 50-, and 10-percent exceedence probabilities. Results of the analyses are plotted in figures 6A-6D, which depict the percent change in streamflow resulting from systematic changes in each basin characteristic for four of the study reservoirs: Granville Reservoir, Westfield Water Department; Belmont Reservoir, Hinsdale Water Department; Hatchet Pond, Southbridge Water Department; and Millham Reservoir, Marlborough Department of Public Works. The drainage areas of these reservoirs ranged in size from 0.24 mi 2 to 5.25 mi 2 , and their average drainage area was representative of the average drainage area determined from the complete set of study reservoirs (table 4) ; however, two of the selected reservoirs have drainage areas less than the smallest drainage area used to develop the relations in equations 4-6. The responses represent the relative effects of measurement or estimation errors associated with each characteristic; however, the errors in estimating the values of most of the characteristics are unlikely to exceed 50 percent.
Increasing or decreasing values for SNOW, B-ELEV, and C-SLOPE had little or no effect on calculated streamflows at the 90-and 50-percent exceedence probabilities for all reservoirs tested (figs. 6A-6D). At the 10-percent exceedence probability, streamflow changed slightly (generally less than 10 percent even for the largest changes in the variable value) for both negative and positive changes in SNOW, B-ELEV, and C-SLOPE.
Streamflow exhibited the greatest sensitivity to PREC, and that sensitivity increased as flows decreased. For example, decreasing the value by 25 percent for PREC in the FDC equation for the Granville Reservoir drainage basin (Westfield Water Department) decreased flow by about 38 percent at the
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10-percent flow exceedence, and more than 80 percent at the 90-percent flow exceedence ( fig. 6A ). Increasing the value for PREC by 25 percent resulted in a 40-percent increase in flow at the 10-percent flow exceedence, and a 100-percent increase in flow at the 90-percent flow exceedence. At the 10-percent flow exceedence, the model predicted very small flows when the value for PREC was reduced by more than 25 percent of the initial value. Similar effects and ranges of sensitivity to PREC were noted for all reservoirs tested (figs. 6B-6D). A 25-percent smaller PREC value is lower than the average annual precipitation values reported for any Massachusetts monitoring stations; therefore, an error in the monthly precipitation record of this magnitude is considered unlikely. Nevertheless, small changes in PREC can influence the estimation of streamflow more than large changes in most of the other variables. At the 90-percent exceedence probability, SOIL was the second most sensitive variable for all four reservoirs. For the 10-and 50-percent exceedences, streamflow is sensitive to values of SOIL and AREA (see figs. 6B-6D). Unusual effects were obtained when the value for AREA was decreased at the Belmont Reservoir and at Hatchet Pond ( fig. 6B and 6C) . Each of these reservoirs had a drainage area less than 1 mi 2 . For these reservoirs, the streamflow increased during one or more successive decreases in drainage area. Flows into Hatchet Pond at the 10-percent flow exceedence increased only when decreases in drainage area were large. Small changes in drainage area at the 90-percent flow exceedence, however, caused flows into both reservoirs to increase. This response reflected the fact that the regression equations were not developed on the basis of small drainage areas (less than 1.5 mi 2 ). In addition, whereas the observed changes are great when expressed as percentages of the initial values, the actual changes in the streamflow values, even at the 90-percent flow exceedence, are very small.
Prediction of Flow-Duration Curves
The simulation accuracy of the QPPQ method was evaluated by simulating flow at two USGS streamflow gaging stations from long-term records at six other USGS streamflow-gaging stations. The eight stations used in this analysis were selected because they have minimally altered flows (by surface-water regulation, such as diversion or augmentation of streamflow, or by base-flow reduction resulting from ground-water pumping). Criteria for selection of these streamflow-monitoring stations are described by Armstrong and others (2004) . In addition to their status as minimally altered streams, the stations were selected on the basis of their differences in selected drainage-basin characteristics and the distance of the reference streamflow monitoring station from the station whose record was to be simulated by the QPPQ method (table 5). 
Figure .
Sensitivity of streamflow at the 10-, 50-, and 90-percent exceedence probabilities calculated by the QPPQ method (Fennessey, 1994) Sensitivity of streamflow at the 10-, 50-, and 90-percent exceedence probabilities calculated by the QPPQ method (Fennessey, 1994) 
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Streamflow was assumed to be unknown at Sevenmile River near Spencer, Mass. (01175670) and at Old Swamp River near South Weymouth, Mass. (01105600). These stations were selected because of their different flow and basin characteristics: drainage area (the ratio of Sevenmile's drainage area to Old Swamp's is almost 2), average discharge (the ratio is about 1.7), percent sand and gravel in the drainage basin (the ratio is about one-half), mean basin slope (the ratio is about 3), and mean basin elevation (the ratio is about 6). The six streamflow-monitoring stations whose records were used as the basis for predicting flows were 8.8 miles to 120.6 miles distant from the two stations whose flows were simulated, and differed greatly with respect to the basin characteristics that are thought to influence the QPPQ method (table 5) .
Observed and predicted flow durations are shown in fig. 7A for the Sevenmile River and in fig. 7B for the Old Swamp River. Also shown are flow durations predicted by the USGS Streamstats program (Ries and others, 2000) . The flow durations were predicted equally well by transformed records from all six reference stations. There were substantial devia tions from the measured discharge values only for extreme high and low flows. Whereas this analysis indicates the QPPQ method performs well in estimating mean monthly flows used in the firm-yield analysis, estimated flows are less reliable the further they are from the median flows. This may have impli cations for the calculated firm yield because flows preceding the reservoir failure are expected to be at or near the extreme low-flow condition. Further work is needed to evaluate the effect of this uncertainty in the firm-yield analysis.
Selection of Surface-Water Reference Stations
The previous analysis indicated that the QPPQ method can be used to simulate streamflows at most ungaged sites in Massachusetts and that selection of a reference streamflow gaging station should be based primarily on length of record and on the extent to which the flow at the station can be considered natural. To determine the USGS streamflow-gaging stations that can be used by the QPPQ method to determine streamflow at ungaged sites in Massachusetts, stations in the USGS streamflow-monitoring network in Massachusetts and adjacent states were examined to determine which stations were least altered by dams, withdrawals, or other diversions. This analysis resulted in the selection of 26 stations whose flows could be considered the least altered as compared to flows at other Massachusetts streamflow-monitoring stations. Of these, five are in Connecticut, three are in Rhode Island, two are in New Hampshire, and the remaining stations are in Massachusetts ( fig. 8 and table 6 ). Many of the sites have some minimal form of regulation; detailed descriptions of the amounts and types of regulation, station locations, and basin characteristics can be found in Armstrong and others (2004) .
Records for 12 of the 26 stations did not include the 1960s drought-of-record, which is a requirement of the firm-yield estimation approach adopted by the MassDEP (MassDEP, 1996) . The maintenance of variance extension Factors Affecting Firm Yield type 1 method (MOVE.1; Hirsch, 1982) was used to extend the records of these stations by establishing relations between the existing parts of the records and records for stations that included the drought-of-record. The MOVE.1 program correlates daily discharge at a station with limited records to discharge at a station with more extensive records. Once this relation is determined, the record can be extrapolated to include the desired period of record, in this case, the 1960s drought-of-record. In this way, all 26 sets of discharge records for minimally altered streamflow-monitoring stations were extended to include the period from October 1949 through September 2002. These extended streamflow records are included in Appendix (on the CD-ROM). The 12 monitoring stations with incomplete records are listed in table 7 with the index stations used to extend the records, and the correlation coefficients between the existing records for the index and limited-record stations.
Application of the QPPQ Method to Determine Firm Yield
The QPPQ method was applied to 45 of the 46 study reservoirs to estimate monthly sreamflows to each reservoir. Lower Ashley Intake Reservoir, Pittsfield Water Department, is downstream from Ashley Lake and provides minimal stor age for water prior to treatment. Consequently, streamflows to Lower Ashley Intake Reservoir were estimated as part of the larger system that included Ashley Lake. Initial application of the QPPQ method resulted in negative streamflows to nine of the reservoirs. Based on this result, an additional analysis of the QPPQ method was done to investigate when and why the negative streamflows occurred and how the QPPQ method could be adjusted to prevent negative flows.
The QPPQ method generated negative streamflows for some ungaged sites during the low-flow periods of the indexstation records. In all cases, streamflow was negative when the FDC parameter ξ was negative. An analysis indicated that ξ is negative when the sum of SOIL, AREA, and PREC terms in equation 4 is less than 9.97. The value of ξ can be negative because of low individual values for SOIL, AREA, and PREC, or a low value for a combination of at least two of these values.
To prevent the QPPQ method from generating negative streamflows, the value of ξ was set to zero if ξ initially resulted in a negative value (Neil Fennessey, Associate Professor, University of Massachusetts, Dartmouth, written commun., 2004) . A comparison of the QPPQ method results with and without this correction is shown in figure 9 . Note that the exclusion of ξ, an estimate of the lowest daily streamflow at the site (Fennessey, 1994) , primarily affects the low-flow periods of the streamflow record and preserves the quantity of streamflow at peak flows. As the exceedence probability decreases, the magnitude of ξ decreases relative to the mag nitudes of the other terms in the QPPQ method and estimated streamflow becomes insensitive to ξ. The QPPQ method has been revised to incorporate this correction, and it has been coded into the appendix database. (Fennessey, 1994) to records from six streamflow-gaging stations in different hydrologic settings in Massachusetts and Rhode Island. 
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Limitations to the Application of the QPPQ Method
The regression equations in the QPPQ method were derived from a multivariate regression analysis of water shed characteristics from 166 Hydro-Climatic Data Network (HCDN) streamflow-gaging stations in the northeast and mid-Atlantic U.S. (Fennessey, 1994) . The HCDN data set contains discharge measurements collected at minimally altered streamflow-gaging stations (Slack and Landwehr, 1993) . Therefore, the resulting flows to the drinking-water reservoir are also considered to be minimally altered. Further more, the relations expressed in equations 4 through 6 were developed on the basis of sites with the following ranges of basin characteristics: Values of SOIL, SNOW, PREC and B-ELEV for the 46 study reservoirs were within the ranges used to develop the regression equations (table 4). The value of C-SLOPE was outside of the range for 4 study reservoirs, the value of AREA was outside of the range for 16 study reservoirs, and 5 study B. Old Swamp River near South Weymouth, Mass. 
Precipitation and Streamflow Records
The MassDEP (1996) guidance document recommends computing the firm yield of a reservoir by first using the his torical record of precipitation and streamflow. If the reservoir does not refill for 15 percent of the years when the reservoir is operating at the firm yield, concurrent historical records of streamflow (simulated by the QPPQ method) and precipitation are sampled in 2-year blocks 500 times to provide a 1,000 year record from which to evaluate the firm yield. Because climate and streamflow data have been collected for at most 100 years, the intended purpose of this sampling procedureknown as bootstrapping-is to provide a means to determine the firm yield from a much longer record of climate and hydrologic conditions (MassDEP, 1996) ; however, because the use of the bootstrap in firm-yield analysis is not a widelyaccepted practice, the application of the bootstrap to reservoirs in Massachusetts had not been evaluated prior to this study.
To evaluate if a synthetic record of streamflow gener ated from sampling 2-year blocks of the historical record is statistically equivalent to the historical record of streamflow, o 00' 42 o 30' Figure .
Locations of index streamflow-gaging stations that could be used to estimate streamflow by the QPPQ method (Fennessey, 1994) and the locations of drainage areas for 46 drinking-water reservoirs in Massachusetts. (Fennessey, 1994) .
the serial correlation in the historical record is compared to the serial correlation of 2-year blocks of streamflow. Firm yields for the study reservoirs determined from the historical record, which contained the 1960s drought, were compared to 30 firm yields determined from 30 synthetic records for 4 drinkingwater reservoirs in Massachusetts.
Comparison of Serial Correlation in the Historical and Synthetic Records
The bootstrap-sampling method is based on the assump tion that the observed data points are independent of each other. Randomly sampling the original data set destroys any relationship between the data points, particularly if the value of one data point depends on another. The assumption of independence complicates the application of the bootstrap to streamflow because observations of streamflow over time are not independent of one another.
To preserve the serial correlation in the observed streamflow, the historical record is divided into large enough time blocks so that the blocks themselves are essentially indepen dent. The effective serial correlation in the bootstrapped record can be compared to the serial correlation in the observed streamflow record to determine an appropriate time-block length. Vogel and Shallcross (1996) present the following equation to estimate what fraction of the serial correlation in the observed streamflow is preserved in a bootstrapped synthetic record. The equation is based on the assumption that the streamflow is characterized by a first-order autoregressive (AR(1)) model: The MassDEP (1996) guidance document is based on the assumption that blocks of 2 years are statistically independent from one another; however, equation 8 shows that dividing the historical record into 2-year blocks preserves half of the serial correlation in the original streamflow record. As λ increases, ρ effective approaches ρ (fig. 10) ; for values of λ equal to or greater than 5, 80 percent or more of the serial correlation in the original streamflow record is preserved. Although the structure of monthly streamflows is not typically represented by an AR(1) process, Vogel and others (1998) have shown that the structure of historical streamflow sequences is indistinguishable from the structure represented by more complicated stochastic models. BLOCK LENGTH, Figure 10 . Relationship between the block length used to bootstrap a synthetic record of streamflow and the percentage of serial correlation in the observed streamflow that is preserved in the synthetic record (Vogel and Shallcross, 1996) .
As λ increases, the number of blocks to sample decreases. Therefore, the larger the block length, the more likely it is that the serial correlation in the original streamflow will be preserved in the synthetic record; however, the number of samples from which to construct a synthetic record will be smaller (Vogel and Shallcross, 1996) . The lengths of historical, concurrent streamflow and precipitation records for the study reservoirs ranged from 33 to 43 years, which provided 16 to 21 2-year blocks from which to construct the synthetic record. If the block length were increased from 2 years to 5 years, the synthetic record would be constructed from randomly sampling 6 to 8 blocks 200 times. Moreover, because fewer than half of the reservoirs in Massachusetts have a period of drawdown that exceeds 2 years, larger block lengths increase the possibility that the reservoir will completely refill within the block length; thus, the bootstrap cannot generate alternate sequences of reservoir drawdown across blocks under these conditions.
Comparison of Firm Yields Determined from the Historical and Synthetic Records
The bootstrap, as implemented by the MassDEP (1996) guidance document, randomly samples blocks of the historical streamflow and precipitation record; therefore, the value of firm yield may differ from one simulation to the next because the order in which the blocks are sampled will differ. To exam ine the differences between firm yields determined from the historical record and firm yields determined from a synthetic record, firm yields for four reservoirs were determined by the historical record and compared to 30 firm yields determined from 30 synthetic records for each respective reservoir. All firm yields were determined from QPPQ-estimated streamflow values and included precipitation and evaporation in the reser voir water-balance equation. The four reservoirs selected for this experiment were: Bearhole Reservoir, Cleveland Reser voir, Fall Brook Reservoir, and Upper (Leahey) Reservoir. To determine if the difference in firm yield between the histori cal record and synthetic records was related to some refill criterion, the trace of reservoir storage versus time was plotted for the study reservoirs while the respective reservoirs were operating at the firm yield determined by the historical record. The number of times the reservoir refilled within each 2-year block was determined. The selected reservoirs were chosen to represent a range of refill fractions ( fig. 11) . No rationale for the 15-percent refill criterion was provided in the original MassDEP (1996) guidance document and, because 2-year blocks-not 1-year blocks-are used in the construction of the synthetic record, the capability of the bootstrap to generate alternative drawdown conditions for the reservoir lies in the behavior of the reservoir within each 2-year block.
The repeated calculation of firm yield by a synthetic record resulted in values of firm yield higher and lower than the firm-yield value determined by the historical record for two of the four selected reservoirs (fig. 11 ). The aver age difference for the four reservoirs between the maximum and minimum values of 30 firm yields obtained from the 30 synthetic records was 16 percent. The difference was as large as 30 percent for Upper (Leahey) Reservoir ( fig. 11 ). For this reservoir, the use of a synthetic record to determine firm yield resulted in as much as a 30-percent difference between firmyield values from one simulation to the next. For the case of Cleveland Reservoir, the firm-yield values obtained from 30 synthetic records were also variable; however, the firm-yield values determined from 30 synthetic records were all lower than the firm yield determined from the historical record. It is possible that this observation is a result of sampling; firmyield values determined from other synthetic records could result in firm-yield values higher than the firm yield deter mined from the historical record.
Bearhole Reservoir did not show any variation between the firm yield determined by the historical record and the firm yields determined from 30 synthetic records. When operating at the firm yield determined by the historical record, Bearhole Reservoir completely refills every 2 years even within the 2-year block that contains the critical month in which all available storage was depleted. Therefore, neither the sequencing of the blocks nor length of the synthetic record will result in different firm-yield values because the reservoir always starts full every 2 years. The only difference in firm yield that could result from the use of a synthetic record would records of precipitation and streamflow that do not reflect the occur if the 2-year block containing the critical month of failure worst historical drought that has occurred in Massachusetts. was not sampled. Furthermore, for reservoirs that do not experience periods of Whereas the synthetic record has the potential to generate drawdown greater than the block length, the bootstrap does streamflow and precipitation sequences that result in lower not offer any additional information about the firm yield of a firm yields than the firm yield determined from the historical reservoir than the historical record does. record, the synthetic record also has the potential to generate 
Applications of the Firm-Yield Estimator Model
Because a synthetic record generated from randomly sampled 2-year blocks of the historical record offers no bet ter estimate of firm yield than does the historical record, and because the assumption that the synthetic traces of streamflow are statistically equivalent to the historical record is not valid, firm yields were calculated by using the historical record of streamflow and precipitation. This record always contained the drought of the 1960s. Streamflow was deter mined by the QPPQ method, and monthly evaporation was estimated by the regression equations developed by Fen nessey and . The length of the historical record used in the firm-yield calculations varied between 33 and 43 years. The month in which all available storage in the reservoir was depleted always occurred during the drought of the 1960s, which is considered to be the worst drought on record in Massachusetts. A correction factor developed by Fennessey (1995) was applied to each firm-yield estimate to correct for the error introduced by using a monthly time step instead of a daily time step; however, the correction factor is derived from a regression relation and its applicability may be limited.
Lower Ashley Intake Reservoir, Pittsfield Water Department, is used to hold water withdrawn from Ashley Lake until treatment. Therefore, it was not appropriate to determine a firm yield for Lower Ashley Intake Reservoir; however, the contributing drainage area to Lower Ashley Intake Reservoir was considered when estimating the firm yield of Ashley Lake. For these reasons, firm-yield estimates were determined for 45 of the 46 study reservoirs, excluding the Lower Ashley Intake Reservoir. Of those 45 reservoirs, 14 were single-reservoir systems and 31 were within one of 11 multiple-reservoir systems. Current water-use data indi cate that, on average, 20 of the 25 reservoir systems in the study were operating below their estimated firm yield; during months with peak demands, withdrawals exceeded the firm yield for 8 reservoir systems.
Application of the Firm-Yield Estimator Model to a Single-Reservoir System
A single-reservoir system contains a reservoir that does not give or receive water from another reservoir. Therefore, the available storage in the reservoir in a given month is depen dent only upon the inflows to and outflows from the reservoir, as shown in equation 2 (p. 4); sources of water to the reservoir do not include water received from another reservoir in the system. Firm yields for the 14 single-reservoir systems are shown in table 8. The procedure that was used to compute the firm yields of these single-reservoir systems was:
1. Known inflow and outflow values for the reservoir water-balance equation were assembled from the histori cal record;
2. The water-balance equation for the reservoir was solved with Q y initially set to 0; Figure 1 . Water balances for a system of reservoirs in which A, water is released from reservoir 1 in an uncontrolled manner and is transported by gravity to reservoir 2; and B, water is pumped from reservoir 1 to reservoir 2.
3. The yield Q y was incrementally increased until the reservoir's usable storage was completely depleted for no more than one month of the synthetic record; and 4. The correction factor that accounts for the model time step was applied to the final value of Q y , which resulted in the firm-yield value for the reservoir.
Application of the Firm-Yield Estimator Model to Multiple-Reservoir Systems
Of the 45 reservoirs included in this study, 31 belonged to one of 11 reservoir systems. The algorithm for the estimation of the firm yield for multiple-reservoir systems depends on the system-specific connections and, of the 11 reservoir systems, none were configured the same. For this reason, application of the Firm Yield Estimator model to actual reservoir sys tems led to deviations from the MassDEP (1996) estimation procedures. The following section explains how the 11 study reservoir systems were simulated, and how the estimation procedures differed from the procedures outlined by the Mass-DEP (1996) guidance document.
For the reservoirs included in this study, water is trans ferred from one reservoir to another in two ways: (1) water is released from one reservoir and then transported by gravity to another reservoir, or (2) water is pumped from one reser voir into another ( fig. 12 ). How water is transferred from one reservoir to another, the application of the peak-usage factors, and the capacity of the connection between the reservoirs to transport water (because of such factors as pipe-wall friction, for example) require additional consideration when estimat ing the firm yield as compared to single-reservoir systems.
Furthermore, because the water balance of a reservoir receiv ing water depends on the water balance of the reservoir giving the water, the same period of the historical record was applied to all reservoirs in the system.
Reservoirs Connected by Gravity
The estimation of the firm yield for a reservoir that receives additional water from uncontrolled releases through transport by gravity depends on the water balance of the res ervoir releasing the water to this reservoir. The water-balance equation for such a reservoir includes an additional term for uncontrolled releases Qso 1 (j) where the subscript 1 identifies this reservoir as the reservoir releasing the water (fig. 12A ). The value of Qso 1 (j) must be determined first before the firm yield can be estimated for reservoir 2, because Qso 1 (j) is an inflow to reservoir 2. To estimate the firm yields of reservoirs 1 and 2 successively, the following steps were used:
1. Known inflow and outflow values for the water-balance equation for reservoir 1 were assembled from the histori cal record;
2. The water-balance equation for reservoir 1 was solved with the yield Qy 1 initially set to 0 (fig. 12A );
3. The value of the uncontrolled release Qso 1 (j) in a given month was determined after the water-balance equation was solved by comparing the value for S 1 to reservoir 1's maximum usable storage. If S 1 was greater than the maximum storage, the excess was assumed to represent the total uncontrolled release from reservoir 1, and this value was Qso 1 (j);
4. The yield Qy 1 was incrementally increased and Qso 1 (j) was computed at each new Qy 1 until the reservoir's usable storage was completely depleted for no more than one month of the synthetic record. The yield at which this criterion was met was defined as reservoir 1's uncorrected firm yield;
5. The correction factor that accounts for the model time step was applied to the final value of Qy 1 , which resulted in the corrected firm-yield value for reservoir 1;
6. The value of the uncontrolled release Qso 1 (j) that resulted from the operation of reservoir 1 at the firm yield was included as an inflow in the water-balance equation for reservoir 2 (fig. 12A) ; and 7. Steps 1 through 5 were repeated for the same period of the historical record for reservoir 2.
The water being released from one reservoir to another was assumed to be transported through an open channel of adequate volume to transport all of the water from reservoir 1 to reservoir 2 (MassDEP, 1996) . Field inspection of the reser voirs in this study confirmed this to be the case for reservoir systems connected by gravity; however, if a pipe or control structure had connected the reservoirs, flow would have been constrained and the connection would have been treated as though it were a pumped system.
Water-use data are reported only for water sent to the treatment plant at the terminal reservoir in the system. No direct guidance is provided in the MassDEP guidance docu ment (MassDEP, 1996) as to how to account for seasonal variations in demand from reservoirs with no direct withdraw als; therefore, the same peak-usage factors computed for the terminal reservoir were applied to other reservoirs in the system. Thus, the amount of stress applied to the terminal res ervoir was assumed to be transferred to the other reservoirs in the system. Note that in figure 12A , the peak-usage factors in the water-balance equation for reservoir 1 are the same peakusage factors in the water-balance equation for reservoir 2.
Reservoirs Connected by Pumping
The procedure used to estimate the firm yield for a reser voir that receives water by pumping is similar to that used to estimate the firm yield for a reservoir that receives water by gravity; however, monthly usage α 1 (j)n(j)Qy 1 from reservoir 1 is used in the water-balance equation for reservoir 2 ( fig. 12B ). The uncontrolled releases from reservoir 1 Qso 1 (j) are still calculated but do not contribute to the water-balance equation for reservoir 2. Additionally, because the water in reservoir 1 is pumped to reservoir 2, water-use data are typically available for both reservoirs, and peak-usage factors α 1 (j) and α 2 (j) can be computed independently. To estimate the firm yields of res ervoirs 1 and 2 successively, when the reservoirs are connected by pumping, the following steps were used:
2. The water-balance equation for reservoir 1 was solved with the yield Qy 1 initially set to 0 (fig. 12B); 3. The yield Qy 1 was incrementally increased and α 1 (j)n(j)Qy 1 was computed at each new Qy 1 until the reservoir's usable storage was completely depleted for no more than one month of the synthetic record. The yield at which this criterion was met was defined as reservoir 1's uncorrected firm yield;
4. The correction factor that accounts for the model time step was applied to the final value of Qy 1 , which resulted in the corrected firm-yield value for reservoir 1;
5. The value of the monthly usage α 1 (j))(j)Qy 1 that resulted from the operation of reservoir 1 at the firm yield was included as an inflow in the water-balance equation for reservoir 2 (fig. 12B) ; and 6. Steps 1 through 4 were repeated for the same period of the historical record for reservoir 2. 1 Reservoir has no intake structure to withdraw water.
Firm Yield and the Estimation of Firm Yield for Streamflow-Dominated Drinking-Water-Supply Reservoirs
This analysis is based on the assumption that the pump capacity was equal to or greater than the yield from the reser voir 1 (α1(j)n(j)Qy 1 ). The maximum capacity of the pump was determined from public water-supply records and compared with the total monthly usage to ensure that the amount of water being transported did not exceed the pump's capacity. If the usage exceeded the pump's capacity in a given month, then the excess water was included in the usable storage of reservoir 1.
Although not considered in the simulation of reservoirs connected by pumping, factors such as pipe-wall friction will limit the capacity of the pump to transport water and may decrease the amount of water that can be transported from one reservoir to another.
Estimation of the Firm Yield of a Reservoir System
The system firm yield of any combination of reservoirs and connections can be determined by breaking the system into smaller subsystems to which the procedures outlined in the preceding sections can be applied. The firm yield of a reservoir system is then determined by adding the firm yields for the reservoirs in the system and applying a simple approxi mation described in MassDEP (1996) guidance document to account for reservoir-operating rules. Although each reservoir in the system has depleted all available storage in, at most, one month of the historical record, not all of the reservoirs in the system may have depleted all available storage during the same month. Thus, even if one reservoir's usable storage becomes fully depleted, the other reservoirs in the system may still have available storage, which, when divided by the number of days in the month, can be converted to a yield. By converting this remaining water to a yield, the amount is then added to the sum of the individual reservoirs' firm yields to obtain the total firm yield for the reservoir system. Previous firm-yield estimates that were available compared well with the estimates from this study. Firm yields for the multiplereservoir systems are shown in table 9, and diagrams of the 11 systems are provided in the appendix (on CD-ROM).
For one system of reservoirs within the Fitchburg drink ing-water supply system (the system consisting of Bickford, Mare Meadow, and Meetinghouse Reservoirs), the system firm yield was almost three times as high as the reported usage. The three reservoirs in this system were among the largest reser voirs in the study, and their combined capacity was almost three times greater than the second-largest reservoir system in the study (Fitchburg, Lovell, and Scott Reservoirs) (table 3 and appendix).
Summary and Conclusions
Procedures developed by the Massachusetts Department of Environmental Protection (MassDEP) to estimate the firm yield of a reservoir or system of reservoirs were assessed on the basis of data from 46 reservoirs in Massachusetts. This study evaluated the factors that affect the estimation of firm yield and applied the firm-yield estimation procedures to the study reservoirs and reservoir systems. These factors included the method that estimates streamflow at an ungaged location and the bootstrap technique, which constructs a synthetic record of precipitation and streamflow.
The estimation of firm yield for a reservoir or system of reservoirs requires the selection of an appropriate meteorologi cal station (to estimate precipitation to and evaporation from the reservoir) and streamflow station (to estimate streamflow into the reservoir). The meteorological station should be the closest available to the reservoir's contributing area and have a period of record that includes the 1960s drought-of-record in Massachusetts. The reference streamflow-gaging station should be in or as close as possible to the reservoir's contrib uting area and also have a period of record that includes the 1960s drought. In addition, the streamflow should be mini mally altered by surface-water regulation or by reduction of base flow due to ground-water pumping. An appendix to this report on CD-ROM provides a list of 26 streamflow stations across Massachusetts that fit these criteria.
Streamflow to the reservoir is estimated by the QPPQ method. To estimate flows at an ungaged location, the QPPQ method uses six properties of the reservoir's drainage basinprecipitation, snowfall, maximum soil retention, drainage area, basin slope, and basin elevation-and the exceedence proba bilities for the index station. Streamflow estimates determined by the QPPQ method were most sensitive to (in decreasing order) precipitation, drainage area, and maximum soil reten tion. To test the overall accuracy of the QPPQ method in estimating streamflow, the method was used to predict flows at two USGS streamflow-monitoring stations with long-term records. The simulated flows agreed well with the measured observations, except at extreme high and low flows. For nine of the reservoirs, application of the QPPQ method resulted in simulated negative flows. A correction was applied to the QPPQ method to prevent the simulation of negative flows and this correction did not change flow values substantially.
The MassDEP Firm Yield Estimator guidance document recommends the use of a 1,000-year synthetic record con structed by sampling 2-year blocks of concurrent streamflow and precipitation records 500 times; however, the synthetic record has the potential to generate records of precipitation References Cited and streamflow that do not reflect the worst historical drought in Massachusetts. For reservoirs whose periods of drawdown are not greater than the block length, the bootstrap does not offer any more information about the firm yield of a reservoir than the historical record does. For some reservoirs, the use of a synthetic record to determine firm yield resulted in as much as a 30-percent difference between firm-yield values from one simulation to the next; yet, for other reservoirs, the use of a synthetic record did not result in any difference in firm yield as compared to the firm yield determined by the historical record. Furthermore, the assumption that the synthetic traces of streamflow are statistically equivalent to the historical record is not valid.
None of the reservoirs or reservoir systems examined in this study had required releases or withdrawals by other users; in some cases, however, it was found that these additional demands could result in a firm yield equal to zero. This is because the required releases or withdrawals already result in the complete depletion of reservoir storage without allocating water for public supply.
The estimation of the firm yield for a system of reservoirs is highly dependent on the system's configuration. Consid eration must be given to how the reservoirs transport water within the system (by gravity or pumping), factors affecting the efficiency of water transport from one reservoir to another, and the application of seasonal peak-usage factors.
Firm yields for 25 reservoir systems were determined on the basis of analysis of the historical record of streamflow and precipitation. Current water-use data indicate that, on average, 20 of the 25 reservoir systems in the study were operating below their estimated firm yield; during months with peak demands, withdrawals exceeded the firm yield for 8 reservoir systems.
